Transforming growth factor-a (TGF-a) and hepatocyte growth factor (HGF) are strong hepatocyte mitogens and important regulators of liver regeneration. The IGF-a receptor EGFr appears primarily to mediate a prohferative signal, whereas mitogenic, motogenic, and morphogenic effects have been attributed to activation of the HGF receptor Met. We have studied the localization of Met and EGFr in normal and carcinogen-treated rat livers. Oval cells and preneoplastic lesions were induced by diethylniuosamine initiation, followed by promotion with 2-acetylaminofluorene combined with a partial hepatectomy. Different liver cell populations and their receptor expression were characterized by two-color immunofluorescence and confocal laser scanning microscopy. Hepatocytes were detected by keratin K8 staining, and oval cells and bile ducts were recognized by keratin K19 expression. Enzyme-altered preneoplastic lesions were identified by expression of placental glutathione S -t " e (GST-n). Staining for these cellular markers was combined with im-
Introduction
When induction of proliferation is combined with certain growth inhibitors, carcinogen-initiated cells gain a growth advantage. This is implemented in the resistant hepatocyte model, in which diethylnitrosamine (DEN)-initiated cells are promoted by the combined administration of 2-acetylaminofluorene (AAF) and a 70% partial hepatectomy (PH) (1). This regimen induces a synchronized population of enzyme-altered, putatively preneoplastic liver foci, whereas proliferation of normal hepatocytes is inhibited (2,3). In addition, intense proliferation of oval cells appears in periportal areas (4). Oval cells may represent an expanded stem progeny growing out ' Supported by the Norwegian Cancer Society, the Norwegian Research Council, and by Rake1 and Otto Kr. Bruun's Foundation. * Correspondence to: Henrik S. Huitfeldt. MD, PhD, Laboratory for Toxicopathology, Institute of Pathology, the National Hospital (Rikshospitalet) . N-0027 Oslo, Norway. munodetection of EGFr and Met. Normal liver exhibited strong staining for EGFr in hepatocytes, whereas blood vessels, bile ducts, and some sinusoidal cells were Met-positive. In carcinogen-treated livers, oval cells showed Met but not EGFr immun&g.
GST-n-positive foci displayed EGFr immunostaining at a similar intensity as surrounding hepatocytes, whereas Met was not detected. Our data indicate that putative liver cells (oval cells) have a growth receptor phenotype similat to that of bile ducts, w h m prenmplastic liver lesions appear hepatocyte-like. These results indicate that the preferential proliferation of preneoplastic liver lesions compared to surrounding hepatocytes is not associated with an altered EGFr or Met phenotype. from fine biliary capillaries during xenobiotic-inhibited liver regeneration (5,6). There are conflicting reports concerning the capacity of these cells to differentiate into hepatocytes (7-9). Oval cells have also been suggested as tumor progenitor cells (10,11).
Rat liver proliferation is regulated by distinct endocrine, paracrine, and autocrine growth factors (12). Their specific functions in the recruitment of cells into the cell cycle (13) and in related processes, such as morphogenesis and differentiation, are not well elucidated. Hepatocyte growth factor (HGF) plasma levels increase markedly before cell replication induced by partial hepatectomy (14J5). In addition, synthesis of HGF has been demonstrated in Kupffer cells and sinusoidal liver cells (16-18). It may therefore act as both an endocrine and a paracrine growth factor. Regenerating hepatocytes produce transforming growth factor-a (TGFa) actively (19). An autocrine loop is thus implied. Other growth factors and inhibitors, such as acidic fibroblast growth factor and transforming growth factor-pl, also participate in liver regeneration (20-22). Increased plasma levels of HGF have also been found in rats treated 227 with tumor promoters (23). It has been suggested that TGF-a may be the primary liver mitogen, whereas HGF may act as a motogen in hepatic stem cell activation (24).
Liver regeneration during a tumor promotion regimen is notably altered compared to the compensatory growth after a 70% PH.
New cell populations, particularly oval cells and preneoplastic lesions, proliferate in lieu of normal hepatocytes. To elucidate the role of growth factors in the altered growth pattern during in vivo carcinogenesis, we studied the immunohistochemical localization of HGF and E F a receptors Met and EGFr, respectively, in normal and preneoplastic rat liver. Met showed immunostaining i:i bile ducts and some sinusoidal lining cells of normal liver, whereas EGFr was found in hepatocytes. Oval cells showed a staining pattern similar to that of bile ducts, and preneoplastic liver lesions showed EGFr and Met staining patterns comparable to that of surrounding hepatocytes. These results indicate that the growth advantage of preneoplastic liver lesions compared to hepatocytes is not gained by an altered expression of Met or EGFr.
Materials and Methods
Tmtment of Animals. Young adult male Fisher 344 rats (Charles River; Wiga, Germany) weighing 200-220 g were kept on a 12-hr light1dark cycle and given water ad libitum. For induction of oval cell proliferation, animals were given AAF (m.p. 192-196°C; Aldrich Chemical, Steinheim, Germany) added at a concentration of 0.02% (wlw) in the diet (purified semisynthetic diet C-1000; Altromin, Lage, Germany) for 14 days. After 1 week on this diet, a 70% PH was performed under combined general and local anesthesia (0.16 mg midazolam, 6.25 pg fentanyl, and 0.31 mg fluanizon IP and 0.2 mg lidocaine SC). Enzyme-altered liver foci were induced by IP injection of DEN (200 mglkg body weight; Sigma, St Louis, MO) under light (0.16 mg midazolam, 6.25 pg fentanyl, and 0.31 mg fluanizon IP) anesthesia 2 weeks before AAF feeding. Control animals were either shamoperated or subjected to PH without AAF or DEN treatment. Animals were sacrificed by bleeding under pentobarbital (70 mg) anesthesia for 1 or 14 days after PH. Each animal received 50 mg 5-bromodeoxyuridine (Sigma) IP 1 hr before sacrifice (25).
Tissue Preparation and Immunohistochemistry. Tissue processing and immunohistochemistry were performed generally as described previously (26). Liver tissue was covered with OCT (Miles; Naperville, IL) and immediately snap-frozen in liquid nitrogen. Cryostat serial sections were cut at 8 pm on a Leitz 1720 cryostat, dried overnight. and fixed in absolute ethanol. After a 10-min wash in PBS. sections were dipped in deionized H20. dried, and incubated for 20 hr at room temperature with different combinations of primary antibodies. A sheep antiserum to EGFr (UBI; Lake Placid, NY) (1:SO dilution) was combined with mouse monoclonal antibodies (MAbs) to keratin K8 (RPN 1166; Amersham Laboratories, Buckinghamshire, UK) (1:lO dilution), keratin Kl9 (clone K4.62; Sigma) (1:200 dilution), or with rabbit antiserum to the placental form of glutathione S-transferase (GST-rr. 1:100 dilution; a gift from Ross Cameron) (27). Rabbit antiserum to mouse Met (1:lOO dilution; agift from George Vande-Woude) (28) was combined with mouse MAbs to keratin K8 or K19 as described, or with a mouse MAb to desmin (RPN 1552. 1:lOO dilution; Amersham). After incubations with primary antibodies, sections were washed twice for 10 min in PBS. dipped in deionized H20, dried, and exposed to mixtures of appropriate secondary antisera for 30 min. Rabbit immunoglobulins were revealed by a fluorescein-conjugated donkey antirabbit IgG, mouse immunoglobulins by a Texas Red-conjugated donkey antimouse IgG, and sheep immunoglobulins by a fluorescein-conjugated donkey antisheep IgG (all secondary antisera from Jackson ImmunoResearch Laboratories, West Grove, PA; diluted 1:lO). When sections were stained with a combination of sheep and rabbit antisera (sheep anti-EGFr and rabbit anti-GST-x), a TRITCconjugated swine antirabbit IgG (1:40, R 156; Dako, Glostrup, Denmark) was combined with FITC-conjugated antisheep IgG as secondary reagents. After this incubation, sections were again washed and dried, followed by mounting in buffered polyvinyl alcohol (pH 8.5). All immunological reagents were diluted in PBS (pH 7.4) containing 1% bovine serum albumin and 0.01% merthiolate. As controls for crossreactivity of the secondary reagents, either one or the other primary antibody was omitted from the staining sequence. Incubations with the primary antisera replaced by normal serum from appropriate species were also included. Adjacent serial sections were stained for EGFr+ GST-x and Met+ keratin K8. Proper alignment allowed characterization of Met staining in GST-x-positive foci identified in the neighboring section. Only foci of more than approximately 50 pm in diameter were examined in this way, as it was difficult to identify the exact region of smaller GST-x-positive areas from the adjacent serial section.
Microscopy and Photomicrography. Stained slides were examined with a Nikon Labophot microscope (Nikon; Tokyo, Japan) containing an epifluorescence attachment and equipped with a Bio-Rad MRC 600 confocal laser scanning unit with a krypton/argon laser, a K1 double dichroic excitation filter block, and a K2 dichroic emission filter block (BioRad Microscience Division; Herts, UK). This combination allowed simultaneous detection of FITC and Texas Red-TRITC fluorescence. A Polaroid Freeze-Frame unit (Polaroid; Cambridge, MA) was attached for photographic documentation of acquired images. Leitz NPL Fluotar 1010.45 and Nikon Plan Apo 6011.40 oil immersion objectives were used for confocal microscopy.
Results

Ia'entzffication of Cel'l' Popul'ations
Distinct liver cell populations were identified with specific cellular markers. Keratin K8 was found in all epithelial liver cells: bile ducts, oval cells, and hepatocytes. As also reported by others, keratin Kl9 was found in bile ducts and oval cells but not in hepatocytes (29-31). These markers demonstrated induction of oval cells in periportal areas of livers from all AAF-fed animals sacrificed 14 days after PH. The corresponding intermediate filament of muscle cells, desmin, was located in smooth muscle cells of arteries and in Ito cells of all investigated livers (32,33). Ito cells were located close to bile ducts and along the liver sinusoids. Staining for desmin increased conspicuously in all AAF-PH-treated livers. GST-n was used as a marker for enzyme-altered foci because it appears very early in the majority of preneoplastic liver lesions of the resistant hepatocyte  model (25,34) . A total of 67 GST-x-positive foci were identified in liver sections (each approximately 1 cm2) from three DENinitiated, AAF-fed animals sacrificed 14 days after PH. Foci were not found in livers from shamor PH-operated animals or in livers from animals subjected to the combined AAF and PH treatment without DEN initiation.
Locahzation of Met ana' EGFr
Two-color staining for EGFr combined with antibodies to keratin K8 or K19 showed strong EGFr staining of hepatocyte membranes along sinusoids and between hepatocytes (Figures 1 and 2) . Distinct but very weak staining was also found in bile duct membranes ( EGFr staining (Figure 2 ). Twenty-four hours after PH, immunodetection for EGFr showed less intense staining of hepatocyte membranes, although a more diffuse cytoplasmic immunofluorescence could be observed. In livers of animals treated with the full carcinogenesis protocol or only with the combined AAF and PH promotion protocol, oval cells identified with antikeratin K19 staining showed no or very weak EGFr staining (Figure 3 ). In these livers, EGFr stain-ing was evenly distributed within the lobules of normal livers (Figure 4) and at 14 days after PH in carcinogen-treated livers (Figure   5 ). No particular areas or foci of altered EGFr distribution were detected in these livers.
Met immunolocalization showed strongest staining in portal wssels. In addition, bile duct membranes revealed distinct staining ( Figure 6 ). Some keratin-and desmin-negative sinusoidal cells also I I displayed Met staining (Figures 7 and 8) . No staining was found in hepatocytes of normal or carcinogen-treated livers, and foci of altered expression were not encountered in livers from any of the treatment protocols. In contrast, keratin K19-positive oval cells appeared Met-positive (Figure 9 ). Initiation with DEN followed by promotion with AAF and PH led to the development of enzyme-altered foci that were identified by GST-x staining. These foci showed the same EGFr staining pattern as hepatocytes (Figure lo) , with strong membrane staining of the same intensity as in surrounding liver tissue. This pattern was found in all of the 67 identified GST-n-positive foci. Because the antisera to Met and GST-n were from the same species, staining for these markers could not be combined. Instead, Met expression of foci was characterized in an adjacent section to a GST-x+EGRFrstained section. Only foci of diameters more than approximately 50 pm could be identified by this procedure. Met was not detected in hepatocytes of GST-n-positive foci. Furthermore, distinct foci of Met staining were not demonstrated in these livers. Therefore, there were not indications that GST-x-negative foci would display positive Met immunostaining.
Discussion
In this study we have demonstrated a reciprocal distribution of the receptor tyrosine kinases EGFr and Met in different normal and carcinogen-induced cell populations of rat livers. EGFr was predominantly localized to hepatocyte membranes and was only weakly expressed in bile duct cells. In contrast, Met was found in vessels, bile ducts, and some nonparenchymal sinusoidal cells. Oval cells expressed a bile duct-like receptor phenotype, whereas GST-xpositive, putatively preneoplastic lesions appeared hepatocyte-like.
The distribution of EGFr was in concordance with the strong mitogenic effects of EGF and TGF-a on hepatocytes in vivo and in vitro. TGF-a appears to be a primary physiological regulator of hepatocyte growth, possibly through an autocrine loop (19, 24, 35) . Bile ducts also contained weak but distinct membrane staining, indicating a mitogenic effect of TGF-a on this cell population also.
The localization of Met to vessels, bile ducts, and sinusoidal cells in normal liver was in agreement with the reported effects of HGFIscatter factor on angiogenesis (36) and proliferation of nonparenchymal sinusoidal liver cells (37). It is intriguing, however, that no staining could be detected in hepatocytes, since strong mitogenic effects of HGF on rat hepatocytes in vitro have been reported (38). Immunohistochemical staining for Met protein in hepatocytes and high levels of c-Met messenger RNA of human liver have been reported (39). Our results are in concordance, though, with in situ hybridization studies of the c-Met transcript in normal and carcinogen-altered rat livers (18). This study demonstrated c-Met synthesis in oval cells but very low levels in hepatocytes and no detectable expression in desmin-positive Ito cells. Therefore, the in vivo effects of HGF on rat hepatocytes may be indirect effects mediated through neighboring cells rather than through the Met receptor in hepatocytes. Alternatively, c-Met expression in hepatocytes may be below the sensitivity threshold of our immunofluorescence staining technique but high enough to bring about HGF responses. Interestingly, it has recently been suggested that the specificity of receptor tyrosine kinase signaling may be affected by the cellular receptor levels; differences in signal duration may affect growth and differentiation diversely (40). Therefore, the variations in receptor phenotypes among liver cell types may reflect distinct receptor functions.
Notably, oval cells and GST-x-positive, putative preneoplastic liver lesions showed reciprocal receptor staining patterns. Similar to unaltered hepatocytes, GST-x-positive foci showed intense EGFr but not Met staining. This receptor distribution suggests that TGFa and HGF functions in hepatocytes and preneoplastic lesions are not the same as in bile ducts or oval cells. Therefore, the growth advantage of preneoplastic lesions compared to hepatocytes was not associated with a change in receptor phenotype. If preneoplastic lesions are derived from initiated stem cells or their immediate progeny, they must differentiate to a more hepatocyte-like receptor phenotype, whereas their metabolic capacities appear oval cell-like (25, 26, 41, 42) . Fourteen days after PH, livers of DEN-AAF-treated animals contain both remodeling and persistent foci. Our results indicate that they both contain the same hepatocyte-like receptor phenotype, since all detected (n = 67) GST-x-positive foci demonstrated EGFr but not Met immunostaining.
A block in polyploidization leading to an increase in mononu-4 Figure 6 . Normal rat liver stained by two-color immunofluorescence for Met (FITC) and keratin K8 (Texas Red) displayed localization of this receptor to bile duct membranes (tangentially sectioned; arrowhead). Original magnification x 1800. Bar = 10 pm. clear diploid hepatocytes during AAF-inhibited liver regeneration has been reported (43). At 14 days after PH, livers from AAF-fed animals have also been shown to contain a high number of basophilic, GST-rr-negative areas (7, 8) . These are not considered to be preneoplastic and may represent a development of liver stem cell progeny into more differentiated hepatocytes. It is possible that they represent the above-mentioned mononuclear hepatocyte population. We found no indication of areas with altered EGFr or Met expression in AAF-and PH-treated livers. This indicated that the mononuclear hepatocyte populations or basophilic areas appearing during Aminhibited liver regeneration do not differ from more mature hepatocytes with respect to these growth factor receptors.
In conclusion, our results indicate that hepatocytes and bile duct cells are regulated by different growth signaling pathways during normal regeneration and carcinogenesis. Furthermore, oval cells and preneoplastic lesions display different receptor phenotypes. If a precursor-product relation exists between oval cells and such lesions, the transition appears to involve alterations in receptor regulation. Finally, the growth advantage of preneoplastic foci compared to surrounding tissue did not involve an altered EGFr or Met phenotype.
